Cyclin-dependent kinases (Cdks) are key regulators of the cell division cycle. Pho85 is a multifunctional Cdk in budding yeast involved in aspects of metabolism, the cell cycle, cell polarity, and gene expression. Consistent with a broad spectrum of functions, Pho85 associates with a family of 10 cyclins and deletion of PHO85 causes a pleiotropic phenotype. Discovering the physiological substrates of protein kinases is a major challenge, and we have pursued a number of genomics approaches to reveal the processes regulated by Pho85 and to understand the root cause of reduced cellular fitness in pho85⌬ mutant strains. We used a functional-genomics approach called synthetic genetic array (SGA) analysis to systematically identify strain backgrounds in which PHO85 is required for viability. In parallel, we used DNA microarrays to examine the genome-wide transcriptional consequences of deleting PHO85 or members of the Pho85 cyclin family. Using this pairwise approach coupled with phenotypic tests, we uncovered clear roles for Pho85 in cell integrity and the response to adverse growth conditions. Importantly, our combined approach allowed us to ascribe new aspects of the complex pho85 phenotype to particular cyclins; our data highlight a cell integrity function for the Pcl1,2 subgroup of Pho85 Cdks that is independent of a role for the Pho80-Pho85 kinase in the response to stress. Using a modification of the SGA technique to screen for suppressors of pho85⌬ strain growth defects, we found that deletion of putative vacuole protein gene VTC4 suppressed the sensitivity of the pho85⌬ strain to elevated CaCl 2 and many other stress conditions. Expression of VTC4 is regulated by Pho4, a transcription factor that is inhibited by the Pho80-Pho85 kinase. Genetic tests and electron microscopy experiments suggest that VTC4 is a key target of Pho4 and that Pho80-Pho85-mediated regulation of VTC4 expression is required for proper vacuole function and for yeast cell survival under a variety of suboptimal conditions. The integration of multiple genomics approaches is likely to be a generally useful strategy for extracting functional information from pleiotropic mutant phenotypes.
Cyclin-dependent kinases (Cdks) are heterodimeric protein complexes that are essential activators of cell cycle progression in eukaryotic cells. Cdks promote a variety of cellular events including passage through major cell cycle transitions, initiation of DNA synthesis, entry into anaphase, checkpoint responses, cell state transitions, and precise metabolic controls (2, 46) . The regulation of Cdk activity is complex and includes obligate association with positive regulatory subunits called cyclins. Of the five Cdks expressed in budding yeast Saccharomyces cerevisiae, two are activated by members of large cyclin families (2, 43, 65) . Cdc28 (or Cdk1) is devoted entirely to cell cycle control and is activated by nine cyclins, Cln1 to -3 and Clb1 to -6 (42) . Pho85 is the yeast homologue of mammalian CDK5 (23, 50) and, in conjunction with its 10 attendant cyclins or Pcls, has been implicated in a wide variety of cellular processes (12, 45) .
Since Pho85 is not essential for viability, it is ideally suited for genetic studies of cyclin-Cdk specificity and function. The 10 Pho85 cyclins can be divided into two subfamilies on the basis of sequence similarity and some genetic and functional information: the Pho80 subfamily (Pho80, Pcl6, Pcl7, Pcl8, and Pcl10) and the Pcl1,2 subfamily (Pcl1, Pcl2, Pcl5, Pcl9, and Clg1) (40) . Pho85 was originally identified due to its central role in a signaling pathway that regulates cellular responses to phosphate starvation (reviewed in reference 34). When phosphate is abundant, the Pho80 cyclin directs Pho85 to phosphorylate and inactivate Pho4, a transcription factor required for expression of acid phosphatase genes such as PHO5 (27, 52) . When phosphate is scarce, the Pho80-Pho85 complex is inhibited by CDK inhibitor Pho81, resulting in accumulation of the unphosphorylated and active form of Pho4 in the nucleus (59) . PHO5 and other acid phosphatase (PHO) genes are not the only targets of Pho4; expression of a suite of so-called PHM/ VTC genes encoding vacuolar proteins involved in polyphosphate metabolism and vacuole transport is also dependent on Pho4 (51) .
More recent studies have identified targets and roles for other forms of Pho85. When Pho85 is activated by one of a pair of closely related cyclins, Pcl8 or Pcl10, it is a potent and specific kinase for Gsy2, an isoform of glycogen synthase (22, 70) . Pho85 phosphorylation inhibits glycogen synthase and hence glycogen synthesis and accumulation. The targets of the two remaining Pho80-like cyclins, Pcl6 and Pcl7, remain obscure, although these cyclins have been genetically implicated in glycogen storage, phosphate regulation, and carbon metabolism (32, 68) , and expression of PCL7 peaks during S phase.
Although PHO85 is not essential, it is required for cell cycle progression in the absence of the G 1 -specific Cdc28 cyclins, Cln1 and Cln2; this phenotype can be ascribed to the Pcl1 and Pcl2 cyclins, since strains lacking CLN1, CLN2, PCL1, and PCL2 arrest in G 1 phase of the cell cycle (39) . Also, expression of PCL1, PCL2, and highly related cyclin gene PCL9 is entirely restricted to G 1 phase of the cell cycle, consistent with roles for these kinases in G 1 phase progression (1, 40, 61) . Several observations suggest that the essential function of G 1 -specific Pcl-Pho85 complexes relates to cell polarity and morphogenesis. First, deletion of Pcl1,2-type cyclins or Pho85 causes dramatic morphological abnormalities including elongated buds, altered budding pattern, loss of viability and abnormal morphology on starvation, defects in endocytosis, salt sensitivity, and delocalized actin (31) . The roster of phenotypes seen in the pcl⌬ and pho85⌬ mutants is often seen when the function of actin and actin-associated proteins is compromised. Second, consistent with the phenotypic analysis, an actin-regulatory protein called Rvs167 has been identified as a strong candidate substrate, related to the essential role for Pcl-Pho85 in G 1 phase. Rvs167, the yeast amphiphysin homologue, interacts with Pcl2 and Pcl9 and is phosphorylated in a Pcl1,2-Pho85-dependent manner in vivo (10, 31) . However, additional cytoskeletal and morphogenesis targets must also exist; deletion of RVS167 does not create the same genetic requirements as deletion of PHO85, yet tests with mislocalized cyclins clearly show that the essential function of Pcl1,2-Pho85 is cytoplasmic (44) . Finally, PCL1, PCL2, and PHO85 show genetic interactions with genes known to be involved in cell morphogenesis and polarity (33) . Together, these data establish a role for G 1 -specific Pho85 kinases in cell morphogenesis and polarity, but precise functions and additional targets remain to be discovered. Pho85 has also been implicated in promoting the instability and degradation of several proteins: (i) Sic1, a Cdk inhibitor that restrains S phase (49); (ii) Gcn4, a transcription factor required for increased expression of amino acid-biosynthetic genes upon amino acid starvation (8, 41) ; (iii) Swi5, a transcription factor required for cell cycle-dependent expression of a variety of genes (38) ; and (iv) Ash1, a daughter cell-specific transcriptional repressor (37) . In addition, conventional and chemical genetics experiments have suggested roles for Pho85 in autophagy (69) , proline utilization (55) , and environmental stress response (5). As highlighted above, certain pho85 phenotypes can be reproduced by deletion of cyclins, but, for the most part, we lack a comprehensive understanding of cyclin function and relevant biological substrates for the various Pho85 Cdks.
In this study, we married phenotypic tests with functionalgenomics approaches including transcriptional profiling and systematic genetic arrays to explore Pho85 and Pcl function. We reasoned that Pho85 function should be reflected in both the global transcription pattern and the genetic interaction network of pho85⌬ and pcl⌬ mutants. Our systematic genomics approaches have revealed novel roles for Pho85 Cdks in stress adaptation and cell wall integrity.
MATERIALS AND METHODS
Strains and media. S. cerevisiae strains used in this study are listed in Table 1 . Standard methods and media were used for yeast growth and transformation (20) . Standard rich medium with glucose (yeast extract-peptone-dextrose [YPD] medium) was supplemented with NaCl, CaCl 2 , sorbitol, and different drugs to create stress conditions. Supplemented minimal medium (synthetic dextrose [SD]) with appropriate amino acid supplements was used for maintaining plasmids in yeast transformants and for genetic selection (20) . All gene disruptions were achieved by homologous recombination at their chromosomal loci by standard PCR-based methods (35) .
DNA microarray analysis. Yeast strains were grown in rich medium at 30°C to an optical density at 600 nm (OD 600 ) of 0.5. Cells were harvested by centrifugation and then quickly frozen in liquid nitrogen. Cell pellets were stored at Ϫ80°C until RNA was prepared. Total RNA and poly(A) ϩ RNA were isolated as previously described (3) . DNA microarrays with Ͼ97% genome coverage were probed with differentially labeled cDNA pools from wild-type and mutant strains essentially as described at http://www.oci.utoronto/ca/microarrays. Arrays were obtained from the Ontario Cancer Institute Microarray facility (see the website above), and differential labeling of cDNA was achieved with Cy3-dCTP or Cy5-dCTP (Mandel). The hybridized arrays were scanned with a Gene Pix 4000B scanner (Axon Instruments). The expression ratios of open reading frames (ORFs) between mutant and wild-type cells were calculated by using intensities adjusted to medians. Artifacts were removed from the data set after visually inspecting the spots. The expression profile of the pho85⌬ mutant used in the fingerprint match was an average of six independent experiments. Other profiles used were averages of two experiments.
Expression ratios of yeast ORFs from experiments with pho85⌬ and pcl strains were aligned with corresponding ratios from 300 experiments published by Rosetta Inpharmatics (24) . Simple Pearson correlation coefficients () were calculated by using a Microsoft Excel function. The calculation used either expression data for all ORFs in the genome or those for 546 genes selected by Rosetta as representative of genes involved in various regulatory pathways (24) . Calculations using both sets of data gave similar results.
Systematic synthetic-lethal screen. We used the synthetic genetic array (SGA) method to systematically identify mutant backgrounds in which PHO85 is required for viability (64) . First, a 20-ml culture of strain BY1502 was grown overnight in YPD. The culture was then pinned on YPD agar medium prepared in Omni trays with multiblot floating pin replicators and a VP380 colony copier guide (V&P Scientific). Arrays of the yeast deletion consortium strains from a series of Omni plates were then pinned on top of the BY1502 strain array. The mating reaction was allowed to proceed overnight at 30°C, and diploids were then selected by pinning cells onto SD plates lacking Leu and Lys. To sporulate the diploids, the cells were pinned onto sporulation plates and incubated at room temperature for 7 days. The spores were then pinned onto SD plates lacking His, Leu, and Arg and containing canavanine (70 g/ml) to select MATa pho85⌬LEU2 haploid cells (64) . The haploid selection was repeated twice by repinning to fresh selective medium. Finally, to select double mutants, the MATa pho85⌬LEU2 cells were pinned and resuspended in 200 l of sterilized water in 96-well plates. The suspension of cells was then pinned onto YPD-G-418 (200 g/ml) plates and incubated at 30°C for 2 days. This dilution step significantly reduced the number of cells transferred to fresh media on a single pinhead and (71) , which are also of S288C origin. Y2454 is isogenic to Y4742, and BY1502 is a derivative of Y2454 carrying a pho85⌬LEU2 disruption allele.
VOL. 22, 2002 FUNCTIONAL GENOMICS AND Pho85 5077 aided in selection against spontaneous suppressors that arise in the slowly growing pho85⌬ strain. spt7, srb5, and hfi1 single mutants were not recovered in this screen from sporulation of diploids created by crossing these mutants to the wild type; therefore, we cannot score these mutants in our pho85⌬ screen. Synthetic lethality was scored as described previously (64) at the positions where doublemutant colonies failed to grow. In a second screen, consortium strains were crossed to BY1502 harboring a URA3-based plasmid (pRS316 backbone) and a wild-type PHO85 gene expressed from its own promoter (pBA1468). The double mutants were selected essentially as described for the primary screen except that uracil was removed from the selective medium to maintain the pPHO85 plasmid. We first eliminated mutants that scored as synthetically lethal with BY1502(pPHO85) (note that 527 mutants including the spt7, hfi1, srb5, and srb10/11 mutants were eliminated at this step; see above). The remaining strains were pinned onto 5-fluoroorotic acid (5-FOA) plates. Double mutants that showed sensitivity to 5-FOA (that is, dependence on pPHO85 for viability) were picked for colony purification (255 strains passed this test). Single colonies were patched onto fresh medium and tested again for sensitivity to 5-FOA; confirmed 5-FOA-sensitive colonies were selected for further confirmation by random spore analysis (97 strains). Briefly, the original deletion strains carrying the candidate gene disruptions were crossed to BY1502 again. The selection of diploids, sporulation, and the selection of MATa pho85⌬LEU2 haploid cells after sporulation were essentially the same as in the primary screen. These MATa pho85⌬LEU2 haploid cells were then restreaked onto fresh medium, and 36 single colonies were checked for the existence of double mutants (Leu ϩ and G-418 resistance). If no double mutants were recovered from the progeny spores, strains with the original gene deletions were defined as true positives.
Zymolyase sensitivity assay. Spheroplast lysis was measured by following published procedures (53) . BY263, BY391, BY490, and BY714 cultures were grown to log phase (OD 600 ϭ ϳ0.5) in YPD at 30°C. Cells were harvested, washed, and resuspended in 1 ml of Tris-EDTA (pH 8.2) so that the final OD 600 was about 0.5. Three microliters of Zymolyase 100T (1 mg/ml) was then added. The OD 600 of the cultures was checked every 5 min for each sample. Lag time, the maximal lysis rate, and the rate index were calculated as described previously (53) .
Fluorescence microscopy. FM4-64 [N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl) pyridinium dibromide; Molecular Probes] and Lucifer yellow (LY; Sigma) staining was carried out as described previously (20, 67) . Briefly, cultures were grown to mid-log phase in YPD and either FM4-64 or LY was added. FM4-64 staining was allowed to proceed for 15 min. The cultures were then washed, and FM4-64 accumulation was visualized with rhodamine fluorescence optics at a magnification of ϫ1,000. Cells were stained with LY for 30 to 60 min, washed four or five times in phosphate-buffered saline, and viewed through a fluorescein isothiocyanate filter to observe LY fluorescence. Photographs were taken with a Micromax 1300y high-speed digital camera (Princeton Instruments, Trenton, N.J.) mounted on a Leica DM-LB microscope. Images from the camera were analyzed with Metaview software (Universal Imaging, Media, Pa.).
Electron microscopy. Strains were grown in YPD at 30°C to mid-log phase, centrifuged, washed in H 2 O, and prepared for electron microscopy by procedures modified from those described by Friesen et al. (16) . In brief, cells were fixed for 3 h in aldehyde fixative (3% acrolein, 2.5% glutaraldehyde, 0.1 M sodium cacodylate, pH 6.5) at room temperature and then overnight at 4°C. Fixative was removed and replaced with fresh aldehyde fixative for an additional 24 h at 4°C. Samples were washed and postfixed in 1.5% potassium permanganate for 30 min in the dark at room temperature, washed again, and fixed with 1% osmium tetroxide in cacodylate buffer for 1 h in the dark at room temperature. Dehydration was performed by using a graded series of ethanol steps. The cell pellets were infiltrated with Spurr's epoxy resin by using a graded series of mixtures of Spurr's resin and ethanol. The final infiltration with 100% Spurr's resin proceeded for 72 h to ensure that all of the yeast cells were completely infiltrated. Thin sections were stained with uranyl acetate for 15 min followed by Reynold's lead citrate for 15 min and examined on a Hitachi H7000 transmission electron microscope at an accelerating voltage of 75 kV.
Second-site suppressor screen. The pho85⌬ double mutants generated from the synthetic-lethal screen (see above) were first pinned and resuspended in 200 l of sterilized water in 96-well plates. The suspension of cells was then pinned onto YPD plates supplemented with either 6% NaCl, 10 ng of rapamycin/ml, or 200 mM CaCl 2 . After incubation at 30°C (2 days for plates with CaCl 2 , 4 days for plates with NaCl or rapamycin), the positions with colony growth were scored and primary candidate suppressor genes were identified according to their positions.
Only the calcium suppressor screen gave promising preliminary results, and the primary candidate suppressor strains were crossed to BY1502. The selection of diploids, sporulation, and the selection of MATa pho85⌬LEU2 haploid cells after sporulation were essentially the same as described above for the syntheticlethal screen. The haploid cells were then streaked for single colonies on fresh medium; in this case, both the pho85⌬LEU2 single mutant and pho85⌬LEU2 xxx::KAN r double mutants were present in the cell population. Thirty-six single colonies were picked and were tested for growth on YPD-CaCl 2 (200 mM) and YPD-G-418 (200 g/ml). If G-418-resistant colonies were able to grow on YPD-CaCl 2 (200 mM) and if colonies able to grow on YPD-CaCl 2 were G-418 resistant, strains with the original gene deletions were defined as true positives.
RESULTS
Identification of genes required for viability in the absence of PHO85 using SGA analysis. To explore the processes regulated by PHO85, we took advantage of a recently developed method to systematically construct double mutants in the pho85⌬ background by crossing to an ordered array of viable gene deletion mutants (64) . Briefly, a pho85⌬ strain was crossed to an array of approximately 4,200 deletion strains (64, 71) by a replica pinning procedure. The resulting diploids were selected and sporulated, and haploid double mutants carrying both the pho85⌬ allele and a second gene disruption were selected by using the markers in the starting strain (64) . Double-mutant strains that failed to grow defined candidate genetic backgrounds in which PHO85 was required for viability. After eliminating false positives that also showed a syntheticlethal interaction with the pho85⌬ strain harboring PHO85 on a plasmid (see Materials and Methods), 53 yeast gene disruptions were confirmed by random spore analysis to cause synthetic lethality in a pho85⌬ strain.
Genes that required PHO85 for viability were organized into seven categories according to their roles as defined by the Yeast Proteome Database (Fig. 1) (www.proteome.com.). The first category defines 32% of the pho85⌬ synthetic-lethal interactions and includes genes required for cell wall maintenance and/or integrity. This category can be further subdivided into genes that encode machinery for cell wall construction and those that are part of or have been implicated in the cell integrity signaling cascade (19) . The cell wall genes include (i) ANP1, MNN10, and HOC1, which encode components of the Anp1-Hoc1-Mnn9-Mnn10-Mnn11 mannosyltransferase complex of the Golgi (26); (ii) VAN1, which encodes a component of the mannan polymerase complex (26); (iii) FKS1, which provides an essential function that overlaps with that of GSC2 in the construction of cell wall glucan (60); (iv) FKS3, which encodes a protein with similarity to those encoded by FKS1 and GSC2; (v) SHC1, which encodes a protein involved in cell wall chitin synthesis and deposition; and (vi) PMR1 and ERD1, which are both required for glycosylation of cell wall proteins (21, 58) . This profile of genetic interactions suggests that pho85⌬ cells must maintain the ability to glycosylate proteins and lay down cell wall glucan in order to survive.
The second subset of genes in the first category includes genes in the so-called cell integrity signaling cascade. WSC1/ HCS77/SLG1 and WSC4 encode similar membrane proteins, which may act as cell integrity sensors (66) , while ROM2 encodes an exchange factor for the Rho1 GTPase that is required for signaling into the protein kinase C-Slt2 mitogen-activated protein kinase (MAPK) cell integrity cascade (11) . BCK1 and SLT2/MPK1 encode nonredundant MAPK kinase kinase and MAPK, respectively, in the cell integrity MAPK pathway (19) .
SWI4 encodes the DNA-binding component of G 1 cell cycle transcription factor complex SBF, which is a downstream target of the Slt2-MAPK pathway (36) . SOP10/TUS1 and RGD1 encode signaling molecules that may also be involved in the cell integrity cascade. These results establish that the cell integrity pathway is indispensable in the absence of PHO85.
The second major category, which overlaps functionally with the cell integrity group, defines 17% of the pho85⌬ syntheticlethal interactions and includes genes required for polarized growth and spatial regulation (Fig. 1) . BEM1, BEM2, BEM4, and CLA4 encode proteins required for proper bud emergence and polarity establishment (25) . BEM1 encodes an SH3 and PX domain-containing protein that interacts with cell polarity GTPase Cdc42 and its activator Cdc24 (13) . BEM2 encodes a GTPase-activating protein for Rho-type GTPases, and BEM4 encodes a protein that interacts with Rho-type GTPases and that is linked to Rho1-Pkc1 signaling. CLA4 encodes a mammalian PAK-like protein kinase, and BNI1 encodes a yeast formin; both of these proteins are effectors of Cdc42 function (56) . These results indicate the importance of spatial regulation in the absence of PHO85.
The remaining genes that create a genetic requirement for PHO85 have roles in transcription (UME6, SRB9, SRB8, SFL1, SPT4, YER049W, and GCR2), lipid and/or fatty acid metabolism (CHO2, OPI3, and SUR4), and vesicle trafficking (VPS29, VPS35, VPS38, VPS44, and VAM3). There are also several genes that encode membrane-associated proteins (TAT2, SMF1, and YOL119C) and a large group of genes that have not been ascribed to a particular category or whose function remains unknown (Fig. 1) .
Expression profiling of pho85⌬ and pcl⌬ strains reveals a novel signature related to cell wall and ergosterol mutants. In a parallel approach to identify functions for Pho85 kinases, we examined the genome-wide transcriptional consequences of deleting PHO85 or one or multiple members of the Pho85 cyclin family. As expected, we observed obvious up-regulation of Pho4-dependent genes, including PHO and PHM/VTC genes in the absence of PHO85 or PHO80 ( Fig. 2A) (5, 51) . Other changes in pho85⌬ cells relative to the wild type included increased expression of some stationary-phase and amino acid biosynthesis genes and decreased expression of translation-related genes (data not shown; full data set available at http://www.utoronto.ca/andrewslab). To extract functional information from the pho85⌬ and pcl⌬ profiles, we compared our microarray data from 19 pho85⌬-or pcl⌬-related strains to an array of published experiments available on the World Wide Web using the compendium approach first described by Hughes et al. (24) (Fig. 2B ). An arbitrary of Ͼ0.2 was determined to be significant following 10 randomization trials of the pho85⌬ strain data that gave an average ( avg ) Ϯ standard error of 0.0060 Ϯ 0.0088 (Fig. 2B) . Comparison of the data to a compendium of expression profiles using revealed a pho85⌬ signature profile that showed significant similarity ( Ͼ 0.4) to those of mutants with defects in either cell wall or ergosterol biosynthesis, regardless of whether the expression ratios from all ϳ6,000 genes in yeast or a group of 546 representative genes were used to calculate . The 10 mutant signatures that were most closely correlated to the pho85⌬ profile were further compared to pho85⌬ pho4⌬, pho80⌬, and quintuple (pc1⌬ pcl2⌬ pcl5⌬ pcl9⌬ clg1⌬) signatures to determine whether the pho85⌬ correlation results were due to the transcription factor Pho4, the Pcl1,2 subfamily of cyclins, or the Pho80 cyclin (Fig. 2C) . Interestingly, the pho85⌬ pho4⌬, quintuple, and pho80⌬ strain profiles all correlated positively with the same top 10 strains in our pho85⌬ comparison but to a significantly lesser degree (Fig. 2C) . Although deletion of PHO4 in a pho85⌬ background results in a reduced degree of correlation to the top 10 mutants, these results also indicate that the pho85⌬ expression signature is not attributable to a distinct cyclin or subfamily of cyclins. In summary, the pho85⌬ expression profile suggests that PHO85 may have a broad role in cell integrity and/or ergosterol biosynthesis and corroborates the SGA profile, pointing to a role for PHO85 in cell integrity.
A pho85⌬ strain does not have ergosterol defects. The presence of two ergosterol mutants (erg2⌬ and erg6⌬ mutants) was among the top 10 conditions that positively correlated with the pho85⌬ expression profile (Fig. 2C ). Ergosterol is a major component of the yeast cell membrane and is required for normal membrane dynamics (54) . Since the pho85⌬ expression profile suggested that PHO85 may be related to ergosterol function, we assayed the sensitivity of pho85⌬ cells to specific drugs. Miconazole inhibits ergosterol biosythesis, and nystatin binds ergosterol to exert its toxic effects (17) . Thus, mutants with defects in ergosterol biosynthesis are sensitive to miconazole and resistant to nystatin. A plating assay revealed that pho85⌬ cells were insensitive to miconazole (0.05 g/ml) and mildly sensitive to nystatin (data not shown). Subsequent biochemical analysis of major sterols failed to show any significant differences between pho85⌬ and wild-type cells (Martin Bard, Purdue University, personal communication), indicating that We conclude that the cell integrity defects in pho85⌬ cells are not related to ergosterol biosynthesis or function. Phenotypic assays reveal broad sensitivity to cell stressors and cell integrity insults in cells lacking Pho85 kinases. Our functional genomics screens suggest a major problem with cell integrity in pho85⌬ cells. To begin to explore the basis of this complex phenotype, we assayed the growth of wild-type and pho85⌬ strains under several conditions that affect cell integrity. We included pho80⌬ and quintuple (pc1⌬ pcl2⌬ pcl5⌬ pcl9⌬ clg1⌬) mutant strains in these sensitivity assays to observe phenotypes that may be ascribed to particular Pho85 cyclins. The remaining members of the Pho80 subfamily, Pcl6, Pcl7, Pcl8, and Pcl10, did not factor into the sensitivity assays (data not shown). Two compounds commonly used to test cell wall integrity are calcofluor white and tunicamycin; calcofluor white interferes with cell wall biosynthesis and is used to track cell wall biosynthesis mutants, while tunicamycin specifically inhibits the product of the ALG7 gene, which is required for protein N glycosylation (57, 60) . Both the pho85⌬ mutant and the quintuple-mutant strain failed to grow in the presence of either calcofluor white or tunicamycin (Fig. 3A) . Consistent with our genome-wide phenotypic scans, these results show that pho85⌬ cells are sensitive to agents that compromise the integrity of the cell.
Many strains with cell integrity defects show sensitivity to a broad range of stressors; indeed, PHO85 has been shown to be indispensable in cells exposed to stresses such as growth on nonfermentable carbon sources or in the presence of high salt (31, 63) . To further probe the cell integrity status of pho85⌬ mutants, we expanded our phenotypic survey to include a broad range of conditions. We selected conditions that either enhance or impair the growth of known cell integrity mutants, such as high osmolarity or salt, as well as several unrelated conditions. pho85⌬ cells were found to be markedly sensitive to high levels of osmolarity (1.5 M sorbitol), salt (6% NaCl or 1 M KCl), Ca 2ϩ (200 mM CaCl 2 ), the immunosuppressant rapamycin, the DNA-damaging reagent 4-NQO (4-nitroquinoline N-oxide), and protein synthesis inhibitors cycloheximide and Geneticin (Fig. 3A) . Since both the quintuple and pho85⌬ mutants have defects in cell wall integrity, we were surprised to find that the quintuple mutant was only sensitive to high salt and rapamycin, in addition to calcofluor white and tunicamycin. In contrast, the pho80⌬ mutant showed a broader profile of sensitivities, which more closely resembled that for the pho85⌬ phenotype mutant (Fig. 3A) . Importantly, only rapamycin and tunicamycin sensitivity was seen in both the pho80 and quintuple-mutant strains, suggesting that different Pho85 complexes must account for distinct aspects of the stress sensitivity phenotype of the pho85 mutant. Yeast cells that have integrity defects have an increased lysis rate following cell wall digestion (53) . Therefore, we next used a spheroplast lysis rate index to directly assess the integrity of pho85⌬, pho80⌬, and quintuple-mutant cells. In this assay, both the pho85⌬ and quintuple-mutant strains had elevated lysis rate indices relative to wild-type cells ( Fig. 3B ; six-to sevenfold increase over wild type). By contrast, the pho80⌬ strain had a lysis rate index comparable to that of the wild type (Fig. 3B) . These results clearly show that the integrity defect in pho85⌬ cells is due to the Pcl1,2 subfamily of cyclins. We infer that the broad sensitivity of pho80⌬ mutants to a variety of insults must reflect a distinct defect.
Several observations suggest that the sensitivity profile of the pho80⌬ mutant may be due to a role for Pho80-Pho85 in vacuolar integrity or function. The vacuole is required for detoxification of harmful compounds, autophagy, pH balance, osmobalance, and a number of other functions, all of which coordinate to maintain cellular homeostasis (4) . First, pho85⌬ and pho80⌬ cells are sensitive to calcium ions and cannot grow on nonfermentable carbon sources, phenotypes seen in mutants with defects in vacuolar function (Fig. 3A and 4 and data not shown) (15, 18, 29) . Second, Pho80 is required for proper vacuolar inheritance (47, 48) , and five of the pho85⌬ syntheticlethal interactions identified in our SGA screen involve genes with roles in vacuolar protein sorting (VPS29, VPS35, VPS38, and VPS44) or vacuolar morphology (VAM3) (Fig. 1) . We used lipophilic dye FM4-64 to monitor bulk membrane internalization and transport to the vacuole in wild-type, pho80⌬, pho85⌬, and quintuple-mutant cells. After 15 min of staining, FM4-64 was clearly visible on the vacuolar membranes of wild-type and quintuple-mutant cells (Fig. 5) . FM4-64 staining of wild-type yeast cells reveals multilobed vacuoles with uniform staining around the vacuolar membranes (67) . By contrast, pho80⌬ and pho85⌬ mutants showed enlarged vacuoles with abnormal accumulations of fluorescence either on the vacuolar membrane in pho80⌬ cells or in the cytoplasm in pho85⌬ cells (Fig. 5) . Fluorescent spots in the cytoplasm of pho85⌬ cells may represent trapped vesicles (67) . These results clearly show that pho80⌬ and pho85⌬ cells have defects in bulk membrane internalization to the vacuole. Taken together, these experiments corroborate our genomics screens and reveal a significant cell integrity defect in pho85⌬ mutants that can be largely attributed to the Pcl1,2 subfamily of cyclins and a potential vacuole-related defect in pho85⌬ mutants that can be ascribed to the Pho80 cyclin.
An SGA suppressor screen reveals a requirement for the Pho4 target VTC4/PHM3 for pho85⌬-and pho80⌬-related stress phenotypes. So far, our functional genomics approaches and phenotypic assays suggest a role for Pho85 in cell integrity; attempts to assign specific cyclins to aspects of the cell integrity function of Pho85 point to a role for Pho80 in stress response that may be separate from the functions of other Pcls in maintaining cell integrity. In an effort to further delineate aspects of the cell stress and integrity functions of Pho85 and its cyclins, we made use of the genetic array of pho85⌬ xxx⌬ doublemutant strains created during the course of the SGA syntheticlethal screen (Fig. 6) . We reasoned that we could systematically screen for deletion mutants (genomic suppressors) that rescue pho85⌬ phenotypes by printing the genetic array of pho85⌬ xxx⌬ double-mutant strains to selected media and screening for survivors (7) . Our modification of the SGA method to identify genetic suppressors demands a highly penetrant initial phenotype; we chose 6% NaCl, 200 mM CaCl 2 , and 10 ng of rapamycin/ml as our screening conditions (Fig. 6) . We also chose these conditions since they represent a pho85 mutant phenotype that is specific to the Pcl1,2-type cyclins (NaCl), the Pho80 cyclin (CaCl 2 ), or both (rapamycin) (Fig.  3A) . Briefly, the pho85⌬ xxx⌬ double mutants were printed on YPD plates containing either NaCl, CaCl 2 , or rapamycin and incubated at 30°C. Gene disruptions that suppressed the pho85⌬ strain sensitivities were scored by observing obvious growth and then identified according to their positions on the array (see Materials and Methods). No suppressors of pho85⌬ cells in high salt were found, and only deletion of FPR1, which encodes the rapamycin-binding protein in yeast, allowed for growth in the presence of 10 ng of rapamycin/ml. However, our screen for pho85⌬ cell suppressors in Ca 2ϩ yielded six positives, including genes involved in osmoregulation (SKN7, SHO1, SSK1, and SSK2) (19) , the cyclic AMP pathway (PDE2) (62) , and regulation of vacuolar function (VTC4/PHM3). We have not pursued the basis of the suppression by the osmoregulators or PDE2. Rather, we chose to focus on VTC4, since VTC4 encodes a putative membrane-associated protein that is involved in vacuolar polyphosphate accumulation (9, 51). Interestingly, VTC4/PHM3 is a Pho4-regulated gene and is thus highly expressed in pho85⌬ and pho80⌬ cells ( Fig. 2A) (51) . The sensitivity of pho85⌬ cells to Ca 2ϩ is solely dependent on the Pho80 cyclin ( Fig. 3A and 5 ). Since the primary role of Pho80-Pho85 is to mediate the nuclear export of Pho4 and down-regulation of Pho4-dependent genes (30), we hypothesized that deletion of either PHO4 or VTC4 in a pho80⌬ background should rescue the Ca 2ϩ sensitivity of pho80⌬ cells. Indeed, pho80⌬ pho4⌬ and pho80⌬ vtc4⌬ cells grew well on YPD plates supplemented with Ca 2ϩ (Fig. 4 ; note that the pho4⌬ strain was not recovered in our SGA suppressor screen since it is lost during the SGA screening process). Deletion of PHO4 or VTC4 in a pho80⌬ background also rescued other Pho80-dependent pho85⌬ phenotypes, including 4-NQO sensitivity and osmosensitivity (Fig. 4) . These results suggest that VTC4 is a key target of Pho4 and that Pho80-Pho85-mediated regulation of VTC4 expression is crucial for yeast cell survival in variety of suboptimal conditions.
Electron microscopy reveals severe abnormalities in vacuole structure and function in pho80 and pho85 mutants dependent on the Pho4 target gene, VTC4. Our observations linking Pho80-Pho85 and VTC4 to the cell stress response and vacuolar function prompted us to undertake an ultrastructural analysis of pho85⌬ and pho80⌬ cells. In wild-type cells, the majority of vacuoles were visible as electron-dense compartments that measured anywhere between 0.5 to 2 m in diameter (Fig. 7A  and B) . Many wild-type cells with medium-sized buds had a characteristic vacuole streaming pattern from the mother into the bud (Fig. 7B) (6) . Deletion of PHO85 caused a dramatic phenotype with many misshapen cells and vacuoles that were almost exclusively transparent and extremely large, measuring between 2 to 8 m in diameter with an average diameter of ϳ5 m (Fig. 7C and D) . The internal structure of the vacuoles in pho85⌬ cells appeared largely disorganized, with one of the following characteristics: (i) small loop-like structures or mul- (pcl1⌬ pcl2⌬ pcl5⌬ pcl9⌬ clg1⌬ ). Cells were grown to mid-log phase (A 600 ϭ 0.4 to 0.6) and stained, and FM4-64 fluorescence was visualized with rhodamine fluorescence optics at a magnification of ϫ1,000 (see Materials and Methods).
FIG. 6. SGA methodology for isolation of genomic suppressors. pho85⌬ xxx⌬ arrays were generated by (i) mating the query MAT␣ pho85⌬ strain to an ordered array of MATa viable yeast deletion mutants, (ii) sporulation, (iii) haploid selection (64) by plating onto media lacking arginine and histidine with added canavanine, and (iv) double-mutant selection. The pho85⌬ xxx⌬ arrays were then printed onto plates containing 6% NaCl, 10 ng of rapamycin/ml, or 200 mM CaCl 2 for selection of genomic suppressors. (Fig. 7D) , or (ii) a large spherical vesicle with a thick membrane (Fig. 7C) . In many cases the intravacuolar structure appeared to be sloughing from the vacuolar membrane (Fig. 7G) . The same vacuolar phenotype was seen in pho80⌬ mutants except that the majority of the cells contained a single large vesicle within the vacuole that had either completely formed or was sloughing from the vacuolar membrane (Fig. 7G) . Genetic evidence supports the idea that these internal vacuolar structures may represent some sort of autophagic vesicle (69) . Consistent with our genetic suppression data, deletion of PHO4 or VTC4 in a pho85⌬ or pho80⌬ background largely corrected the vacuolar defects in these strains (Fig. 7E, F , H, and I). We conclude that pho85⌬ and pho80⌬ cells have abnormal vacuoles at the ultrastructural level and that these abnormalities are dependent on PHO4 and its target gene VTC4.
To monitor the effects of PHO4 and VTC4 deletion on vacuole function in pho85⌬ and pho80⌬ cells, we used LY, which is actively transported into the yeast vacuole, as a nonspecific marker for endocytosis (67) . Previous work showed that pho85⌬ and quintuple-mutant (pcl1 pcl2 pcl5 pcl9 clg1) cells are defective in LY accumulation in the vacuole, but pho80⌬ mutants were not tested (31) . We found that pho80⌬ mutants were impaired in their uptake of LY (Fig. 8) . Again, deletion of PHO4 or VTC4 in a pho80⌬ background restored the ability of pho80⌬ cells to endocytose LY (Fig. 8) , indicating that overexpression of VTC4 is detrimental to vacuole-related processes. Our results suggest that transport of materials to the 
DISCUSSION
In this study, we used a functional-genomics approach to explore the biological basis of the complex phenotype caused by deletion of the multifunctional Pho85 Cdk. Pho85 function is mediated through 10 Pho85 cyclins or Pcls, but both the complexity of Pho85 function and the genetic redundancy of the cyclins have hampered efforts to use traditional genetic approaches to discover functions and substrates for individual Pcl-Pho85 complexes (45) . Using a combination of SGA analysis (64), expression profiling, and phenotypic tests, we have uncovered important roles for Pho85 in cell integrity and the response to adverse growth conditions. First, our work highlights a cell integrity function for the Pcl1,2 subfamily of Pho85 Cdks that is independent of the role of Pho80-Pho85 in the response to stress. Second, we uncovered a key function for Pho80-Pho85-mediated regulation of Pho4 in vacuolar function and stress response, in addition to its well-established role in phosphate regulation. The integration of multiple genomics approaches is likely to be a generally useful strategy for extracting functional information from pleiotropic mutant phenotypes. An important component of our study was the application of a new genomics approach called SGA analysis; by this method, an array of viable haploid deletion mutants were screened for strains that were inviable in the absence of PHO85 (64) . The marked growth defect of pho85 mutants led to a significant number of false positives in our initial pilot screens and required modification of the SGA method to accommodate mutant strains with a severe growth phenotype. The query strain, in our case the pho85 mutant strain, is first transformed with a plasmid carrying the wild-type gene with a counter-selectable marker. In this way, the starting strain that is crossed to the yeast deletion array is essentially wild type; an array of doublemutant strains carrying the wild-type plasmid is recovered, and synthetic growth defects in the double mutants are only scored after selecting against the wild-type plasmid on the appropriate medium. We found that this simple modification to the SGA method significantly reduced the false-positive rate associated with our screen.
The advantage of SGA analysis over traditional syntheticlethal screening procedures is that it is both speedy and relatively straightforward; we found that 53 genes are required for viability in a pho85⌬ mutant using this procedure (Fig. 1) . This profile of genetic interactions significantly expands the results of a previous conventional genetic screen and tests that have revealed 10 genetic interactions or PHO85-requiring genes (23, 33) . BEM2, BCK1, CLA4, and SLT2/MPK1 were identified by both methods. Both EFR3 and GCR1 were identified as PHO85-requiring genes (33), but mutants lacking EFR3 or GCR1 were not represented on our original array of deletion mutants. Also, three strains with deletions of other PHO85-requiring genes, SPT7, SRB5, or HFI, were unrecoverable by our modified screening procedure (see Materials and Methods). Therefore, our SGA screen obtained four out of seven possible genes known to be required in the absence of PHO85. Direct genetic tests also revealed a genetic interaction of PHO85 with the essential GTPase gene CDC42, which cannot be scored by our present array of haploid viable deletion mutants. Systematic construction of arrays of strains harboring conditional alleles of essential genes will allow the over 1,000 genes that are required for haploid viability (71) to be queried by using SGA methodology. Despite the present limitations of our screen, we uncovered over 40 new Pho85-requiring genes, the vast majority of which point to a significant role for Pho85 in cell integrity.
Because obvious functional groups of genes were captured in our systematic pho85⌬ synthetic-lethal screen, we used DNA microarrays to ask if pho85⌬ or pcl⌬ transcriptional profiles had a detectable signature that correlated with the pho85⌬ genetic profile. In a previous study, Ogawa et al. explored the global transcriptional consequence of constitutive activation of the phosphate response system in budding yeast by deleting either component of the Pho80-Pho85 Cdk (51) . In the absence of Pho80-Pho85, the Pho4 transcription factor is largely nuclear and promotes constitutive activation of phosphateresponsive genes including PHO5, an acid phosphatase gene (see references 28 and 30 for reviews). In addition to the canonical PHO cluster of genes, Ogawa et al. identified several other phosphate-responsive genes that are targets of Pho4 (51); some of the so-called PHM genes are involved in polyphosphate synthesis, and some were previously identified as VTC genes involved in vacuolar function (9) . A second microarray analysis used chemical inhibition of an analoguesensitive allele of the Pho85 gene to explore the immediate consequences of depletion of Pho85. The entire PHO cluster, including most of the PHM genes as well as genes involved in reserve carbohydrate metabolism, were affected by depletion of PHO85 (5) . Our data set correlates significantly with both of these microarray studies when the 546 representative genes used in the analysis shown in Fig. 2 are used (, ϳ0.3) . However, neither of these microarray studies uncovered any evidence that PHO85 was required for cell integrity or polarized growth. In our study, we compared the expression signatures of pho85⌬ and pcl⌬ mutant strains to each other and also to a diverse set of reference profiles (24) . No single pcl⌬ mutant strain or combination of pcl⌬ mutations in a single strain had an expression profile that correlated well to that of the pho85⌬ strain over all available genes (data not shown). However, the expression profile of a pho85⌬ mutant had a significant degree of similarity to mutants with cell integrity or ergosterol defects (Fig. 2) . Our results highlight the importance of comparing expression signatures in a DNA microarray analysis of mutant strains with complex phenotypes and corroborate our SGA results pointing to a cell integrity function for Pho85.
In an effort to discover the cyclins that contribute to the cell integrity function in pho85 mutants, we tested the sensitivity of pho85⌬ and pcl mutants to a variety of structurally and functionally distinct compounds. These phenotypic tests revealed at least two defects that contribute to the widespread sensitivity of pho85⌬ mutants to cellular insults. First, pho85 mutants are highly sensitive to reagents or conditions that damage the cell wall, and this phenotype is largely attributable to the Pcl1,2 subfamily of cyclins. We have tested directly for alterations in ergosterol, lipids, and phospholipids in pho85 mutants and have found no obvious defect in cell membrane composition. We infer that Pho85 is unlikely to play a direct role in cell wall or membrane construction or maintenance. Rather, this study and a number of other observations strongly suggest that the Pcl1,2-type Pho85 Cdks ensure cell integrity through regulation of cell polarity and the actin cytoskeleton. As summarized in the introduction, expression of PCL1, PCL2, and PCL9, which encode three members of the Pcl1,2 subfamily, is entirely restricted to the G 1 phase of the cell cycle, and our previous work has identified an actin cytoskeletal protein, Rvs167, as a strong candidate substrate for Pcl1,2-Pho85 Cdks. This study and other genetic data clearly show that additional targets of the Pcl1,2-type Pho85 Cdks related to their role in cell morphogenesis and polarity remain to be discovered (44, 45) . Although our functional-genomics approaches failed to identify new cell integrity targets of Pho85 Cdks, our screens strongly support the view that Pho85 is essential for elaboration of the bud and cell cycle progression when other cell polarity regulators are chemically or genetically compromised (2, 39, 40) .
Our efforts to dissect the complex cell integrity phenotypes of pho85 mutants also revealed a second major defect that accounts for the sensitivity of the pho85 strain to a spectrum of compounds and genetic alterations. We used a modification of the SGA method to screen for genomic suppressors of stress sensitivities seen in the pho85 mutant. This rapid screening method allowed us to attribute aspects of the pho85 phenotype to specific downstream targets of Pho85; we found that the sensitivity of both pho80 and pho85 mutants to a variety of stresses is dependent on the Pho4-regulated gene VTC4. Using electron microscopy and genetic suppression, we found that pho85 and pho80 mutants have marked defects in vacuole structure and function that can be bypassed by deletion of either PHO4 or VTC4. We conclude that the stress sensitivities of pho85⌬ mutants can be largely explained by major defects in vacuole structure and function due to inappropriate expression of VTC4. Further, our results strongly suggest that phosphorylation of Pho4 by Pho80-Pho85 regulates the response not only to extracellular phosphate levels but also to other environmental stresses (pH, carbon source, ions, and osmolarity).
The application of systematic and rapid functional-genomics approaches has allowed us to attribute many of the stress sensitivities of pho85⌬ mutants to misregulation of VTC4 and has highlighted the highly deleterious effect of misregulation of Pho4. An analysis of the biochemical function of Vtc4 is required to determine the precise biological basis of the vacuolar phenotype in cells lacking the Pho80-Pho85 Cdk. The dramatic effects on cell ultrastructure caused by unrestrained Pho4 activity may well obscure the cell integrity and polarity functions of other Pho85 Cdks; our results predict that further genetic and biochemical analysis of the cell integrity defect in a pho85 vtc4 double mutant will enlighten us about the independent role for Pcl1,2-type Pho85 kinases in cell integrity.
